ABSTRACT: Natural and synthetic amphiphilic molecules including lipopeptides, lipopolysaccharides, and glycolipids are able to induce defense mechanisms in plants. In the present work, the perception of two synthetic C14 rhamnolipids, namely, Alk-RL and Ac-RL, differing only at the level of the lipid tail terminal group have been investigated using biological and biophysical approaches. We showed that Alk-RL induces a stronger early signaling response in tobacco cell suspensions than does Ac-RL. The interactions of both synthetic RLs with simplified biomimetic membranes were further analyzed using experimental and in silico approaches. Our results indicate that the interactions of Alk-RL and Ac-RL with lipids were different in terms of insertion and molecular responses and were dependent on the lipid composition of model membranes. A more favorable insertion of Alk-RL than Ac-RL into lipid membranes is observed. Alk-RL forms more stable molecular assemblies than Ac-RL with phospholipids and sterols. At the molecular level, the presence of sterols tends to increase the RLs' interaction with lipid bilayers, with a fluidizing effect on the alkyl chains. Taken together, our findings suggest that the perception of these synthetic RLs at the membrane level could be related to a lipid-driven process depending on the organization of the membrane and the orientation of the RLs within the membrane and is correlated with the induction of early signaling responses in tobacco cells.
■ INTRODUCTION
Biosurfactants are promising molecules because of their potential applications in several fields (industry, agronomy, and the environment). They are highly biodegradable and biocompatible and present a low toxicity. 1 Among them, amphiphilic molecules from natural and synthetic origins have been distinguished by their potential interesting biological properties, especially for plant protection. 2−6 For instance, natural lipopeptides, lipopolysaccharides (LPS), rhamnolipids (RLs), and synthetic glycolipids are able to stimulate plant defense responses. 3,7−9 The mechanism involved in the perception of amphiphilic molecules by the plant cell surface is far from being known. LPS recognition involves receptor-like kinases, but the surfactin lipopeptide perception seems to involve a lipid-driven process at the plasma membrane level. 10, 11 It has been suggested that surfactin insertion into the plasma membrane could disturb the lipid compartmentalization or induce curvature constraints in the cell membranes.
In this way, it could lead to direct activation of mechanosensitive channels or proteins involved in signaling that in turn activate a biochemical cascade of molecular events leading to the establishment of defensive responses. 11 It has also been demonstrated that a linear fatty acid chain with 14 carbons (surfactin nC14) is necessary for the biological activity of surfactin. 11 Natural RLs of Pseudomonas aeruginosa are amphiphilic compounds made of one or two rhamnose units (linked by a 1,2-glycosidic bond) that constitute the polar headgroup that is connected to one or two hydroxy fatty acids linked to each other by an ester bond, which make up the hydrophobic tail. 1, 3 These compounds have biotechnological applications related to environmental concerns, such as the bioremediation of hydrocarbons, organic pollutants, and heavymetal-contaminated sites. 12−14 They are also used in the production of fine chemicals and surface coatings as well as additives for food and cosmetics and as potent inducers of plant defense responses. 15−18 To generate new biologically active compounds for plant defense, we synthesized hybrid glycolipids with a rhamnose headgroup and a single fatty acid chain. To obtain strong biological activity similar to that of amphiphilic molecule surfactin produced by B. amyloliquefaciens S499, 11 we selected congeners with a linear chain comprising 14 carbons. The synthetic RLs used in our study differ only at the level of the terminal group; Alk-RL has a −CH 3 group whereas Ac-RL has a carboxylic acid group at the end of the carbon chain ( Figure 1 ). Ac-RL was inspired from the carboxylic acid function present in natural RLs, whereas Alk-RL mimics the surfactin fatty acid chain.
Plants produce reactive oxygen species (ROS) within minutes in response to microbial-associated molecular patterns. 19−21 In addition to their role as antimicrobial agents targeting pathogens, ROS are important in cell signaling to stimulate defense gene expression. 22, 23 The generation of ROS by plant cells, called "oxidative burst", is a signaling marker related to biotic and abiotic stresses 24 and is often linked to the perception of exogenous stresses by the plant. 11 In this work, we have first demonstrated that synthetic Alk-RL and Ac-RL are able to trigger the production of ROS by cultured tobacco cells, suggesting that these compounds are perceived by plant cells. Because synthetic RLs have a global amphiphilic structure that is similar to that of surfactin, we hypothesized that the interaction of the molecules with the lipid fraction of the plant plasma membrane (PPM) is involved in the process. To investigate the perception of synthetic RLs at the membrane level, the interactions of Alk-RL and Ac-RL with PPM were analyzed using experimental and in silico approaches on simplified biomimetic membranes composed of palmitoyllinoleoyl-phosphatidylcholine (PLPC) and/or stigmasterol, which are representative of phospholipids and sterols, respectively, found in the PPM. 25, 26 The results obtained with the biophysical approach strongly correlate with the induction of the signaling response in plants, suggesting a link between the interactions of synthetic RLs with PPM lipids and one of their biological activities.
■ MATERIALS AND METHODS
Materials. Synthetic RLs Alk-RL and Ac-RL were synthesized in our laboratories as described in our previous work. 1 Briefly, they were enzymatically generated by the introduction of a primary alcohol function onto rhamnose by the glycosylation of propane-1,3-diol catalyzed by a glycosidase, followed by a lipase-catalyzed esterification step of the hydroxyl group with a mono-or dicarboxylic fatty acid. Their purity was checked by high-performance liquid chromatography and was superior to 99%. A natural RL mixture from Pseudomonas aeruginosa was purchased from Jeneil Biotech, with a mono-RL/di-RL ratio of 65/35. Surfactin was produced and purified as previously described. 27 Its purity (>95%) was ascertained by high-performance liquid chromatography. We purchased 1-palmitoyl-2-linoleoyl-snglycero-3-phosphocholine (PLPC) and stigmasterol from Avanti Polar Lipids and used them without further purification. Deuterium oxide (D 2 O) at 99.9% isotopic purity and dimethyl sulfoxide (DMSO) were provided from Sigma Chemical Co. The ultrapure water was produced by a Millipore system available in our laboratory, and the resistivity was 18.2 MΩ cm. Chloroform and methanol were purchased from Scharlau.
Oxidative Burst Assays with Tobacco Cells. Tobacco suspension cells (Nicotiana tabacum L. cv. bright yellow-2) were cultivated as described previously. 11 A method based on a chemiluminescence measurement was used to monitor the production of extracellular ROS. Indeed, hydrogen peroxide from the ferricyanidecatalyzed oxidation of luminol was measured using a luminometer (TD-20/20 Luminometer, Turner Designs, Fresno, CA, USA). After treatment with Alk-RL or Ac-RL (1 mM stock solution in DMSO), a 50 μL aliquot of the cell suspension (final concentration 0.15 g fresh weight·mL −1 ) was added to 100 μL of 50 mM phosphate buffer (pH 7.9) and 100 μL of 1.1 mM luminol in phosphate buffer. The reaction was started by the addition of 100 μL of freshly prepared 14 mM K 3 [Fe(CN) 6 ], and the signal was integrated over the first 30 s after the reaction began. Control experiments were performed with natural RLs (positive control) and with DMSO (negative control).
Adsorption Experiments at Constant Surface Area. Adsorption experiments were performed in a KSV Minitrough (Helsinki, Finland, 7.5 × 20 cm 2 ). The subphase was ultrapure water (∼80 mL) with a constant temperature at 22.0 ± 1.0°C. The subphase was continuously stirred with a magnetic stirrer. Pure PLPC, pure stigmasterol molecules or their mixture (70/30 molar ratio) in chloroform/methanol (2/1 v/v) solvent, was spread at the air−water interface to reach the desired initial surface pressure. After 20 min of waiting for solvent evaporation and film stabilization, Alk-RL or Ac-RL in DMSO solution was injected underneath the preformed lipid monolayer. The final subphase concentration was 1 μM for Alk-RL and 10 μM for Ac-RL. Their adsorption to the lipid monolayers was followed by an increase in surface pressure. As a control experiment, the same volume of pure DMSO was injected underneath the lipid monolayer, and no change in the surface pressure was observed. The uncertainties in the maximum insertion pressure (MIP) and the ΔΠ 0 were calculated as described previously. 26, 28, 29 Given that Alk-RL and Ac-RL do not have the same concentration within the subphase, the differential Π 0 (dΠ 0 ) parameter was defined to compare them. It was calculated as follows
where ΔΠ 0 corresponds to the y intercept of the linear regression of the ΔΠ vs Π i plot and Π e is the surface pressure increase at the equilibrium obtained in an independent experiment performed at the same synthetic RL concentration but without lipids spread at the interface. alone or in the presence of Alk-RL or Ac-RL at a molar ratio of lipid/ RL of 10/1. The chloroform/methanol mixture was evaporated to obtain a lipid film before drying it under vacuum overnight. The resulting film was hydrated by deuterium oxide above the phasetransition temperature of lipids. The hydrated film was vortex mixed continuously to obtain MLV. Infrared Spectroscopy (FTIR). Infrared spectra were recorded by means of a Bruker Equinox 55 spectrometer (Karlsruhe, Germany) equipped with a liquid-nitrogen-cooled DTGS detector. The number of scans was 128 at 4 cm −1 resolution. During all measurements, the spectrometer was continuously purged with a flux of N 2 . All of the experiments were performed with a demountable cell (Bruker) equipped with CaF 2 windows. Each spectrum is representative of at least three independent measurements.
In Silico Methods. The interactions of Alk-RL or Ac-RL with model membranes were analyzed by molecular modeling. The 3D structures of Alk-RL, Ac-RL, PLPC, and stigmasterol were constructed using HyperChem software (Hypercube, Inc.). The molecular geometry was optimized with the steepest-descent method using the MM+ force field, and a systematic analysis of the torsion angles using the structure tree method was performed as described previously. 30 The most probable structure corresponding to the lowest conformational energy was used for further calculations. The insertion of the molecule within an implicit bilayer was computed by the IMPALA procedure as described in Ducarme et al., 31 and the interaction energies in a lipid monolayer (PLPC or stigmasterol) were calculated using the Hypermatrix procedure.
Briefly, in the IMPALA method, an implicit membrane is described as a continuous medium whose properties vary along the axis perpendicular to the bilayer plane (z axis). The membrane properties are represented by energy restraints. 31 The synthetic RL molecule is systematically moved along the z axis by 1 Å steps, and the restraints are calculated for each position. A profile of the energy restraints as a function of the penetration into the implicit bilayer is obtained.
The simple docking method called Hypermatrix is described in detail elsewhere. 26 Briefly, the synthetic RL molecule is put in a fixed position at the center of the system and oriented at the hydrophobic/ hydrophilic interface, while the lipid molecule, also oriented at the lipid/water interface, is positioned around the molecule by rotations and translations (more than 10 7 positions tested). For each position, an energy value is calculated according to a home-designed force field. 32 The energy values together with the coordinates of all assemblies are stored in a matrix and classified according to decreasing values. The first stable matching is used to decide the position of the first lipid. The position of the second lipid is then defined as the next most energetically favorable orientation stored in the matrix, taking steric and energetic constraints due to the presence of the first lipid molecule into account. The process is completed when the central molecule is completely surrounded with lipids. 26 ■ RESULTS Synthetic RLs Are Able to Induce Oxidative Burst in Plant Cells. Luminol-based chemiluminescence assays were used to monitor the induction of extracellular hydrogen peroxide (representative of ROS) production by tobacco suspension cells upon treatment with Alk-RL or Ac-RL in comparison to a natural RL mixture consisting of mono-and di-RL and surfactin, taken as positive controls of defense inducers. Figure 2 shows the production of hydrogen peroxide compared to a basal response by plant cells.
Alk-RL and Ac-RL clearly induced an oxidative burst, which was higher than the negative control and of the same order of magnitude as the natural RL mixture for Alk-RL (Figure 2A) . Interestingly, the oxidative burst with these compounds is lower than after the surfactin challenge.
ROS production appears to be concentration-dependent ( Figure 2B ). For each concentration tested, ROS production in the presence of Alk-RL is significantly higher than for Ac-RL.
Moreover, the concentration effect is more pronounced with Alk-RL than with Ac-RL. At higher concentrations (100 μM), ROS production in response to Alk-RL is approximately 8 times higher than for the control, whereas it is only 2 times higher for Ac-RL. It is worth noting that no cell death was observed, even at the highest concentration tested (100 μM, Figure S1 ).
The Adsorption of Synthetic RLs to Different Model Membranes Depends on Their Chemical Structure and on the Membrane Composition. Prior to this step, preliminary experiments were performed to determine the critical aggregation concentration (CAC) of both molecules ( Figure S2 ). The CACs of Alk-RL and Ac-RL are 1.9 ± 1.0 and 11.2 ± 2.5 μM, respectively. For adsorption assays, a concentration slightly below but close to the CAC and high enough to observe a significant increase in surface pressure was chosen for each molecule: concentrations of 1 and 10 μM were chosen for Alk-RL and Ac-RL, respectively. No significant adsorption was observed with Ac-RL at 1 μM (data not shown).
To test the possible interaction of the synthetic RLs with PPM, we used lipid Langmuir monolayers mimicking the external leaflet of PPM. Reconstituted monolayers made of pure PLPC, pure stigmasterol, or a PLPC/stigmasterol mixture (70/30 molar ratio) were used as models of the plant plasma membrane. Adsorption of Alk-RL or Ac-RL to these different lipid monolayers was followed by surface pressure measurements over time. 28 Figure 3 shows a typical plot of the maximal surface pressure variation (ΔΠ) due to the Alk-RL or Ac-RL 33 It could be explained by an overlay of two processes, the Ac-RL incorporation into the monolayer and a lipid condensation. This behavior is observed only with PLPC monolayer and not with stigmasterol or PLPC/stigmasterol monolayers.
From this curve, the maximal insertion pressure (MIP) is determined at the intersection of the linear regression with the x axis as described previously 26, 29 and presented in Figure 4 . The MIP corresponds to the surface pressure beyond which no adsorption can occur and provides information about the insertion power of the molecule into a lipid membrane.
MIPs of Alk-RL for PLPC, stigmasterol, and PLPC/ stigmasterol monolayers were 46.8 ± 6, 31.6 ± 2.6, and 48.9 ± 3.1 mN/m, respectively (Figure 4) . Those values are greater than 30 mN/m, which is a postulated value for the lateral pressure prevailing in natural biological membranes. 34 Even if the lipid composition of biological membranes is more complex, a MIP value higher than 30 mN/m is interpreted as a favorable insertion of the tested molecule within biological membranes. 34 Hence, it can be suggested that Alk-RL is able to insert readily within biological membranes. For Ac-RL, the MIP values for PLPC, stigmasterol, and PLPC/stigmasterol monolayers were 26.6 ± 3.2, 25.8 ± 4.7, and 47.6 ± 7.5 mN/m, respectively. In pure lipid monolayers, the insertion of Ac-RL is less favorable than that of Alk-RL, whereas in PLPC/ stigmasterol mixed monolayers the insertion of Ac-RL is similar to that of Alk-RL.
Another parameter, the differential Π 0 (dΠ 0 ), reflecting the attractive effect of the lipids at null surface pressure was also calculated ( Figure 5) . A positive value of dΠ 0 suggests an attractive effect of the lipids on molecule adsorption, and a negative value indicates instead an unfavorable impact of the lipids on molecule insertion into the monolayer.
For the PLPC monolayer, the dΠ 0 values for Alk-RL and Ac-RL are positive and close to zero, respectively, suggesting that the insertion of Alk-RL but not Ac-RL is favored by the presence of PLPC. This result is in agreement with the adsorption kinetics (slope of the curve) of synthetic RLs to PLPC monolayers at a similar initial surface pressure ( Figure  S3 ). Even though Ac-RL was more concentrated than Alk-RL within the subphase, its adsorption speed to PLPC monolayers was lower ( Figure S3 ). For the stigmasterol monolayer, the dΠ 0 of Ac-RL is slightly higher than that of Alk-RL. For the mixed PLPC/stigmasterol monolayer, the dΠ 0 of Alk-RL is significantly higher than that of Ac-RL, but in this case, the mixed lipids also exert an attractive effect on Ac-RL.
Following the monolayer studies, the insertion capacity of synthetic RLs through a lipid bilayer was analyzed. Their insertion was simulated through an implicit membrane by the IMPALA procedure. A plot showing the energy restraint values as a function of the insertion depth of the molecule mass center ( Figure 6 ) indicates that the most favorable position of the molecules is near the lipid hydrophobic tail/polar head interface of either bilayer sheet. The minimal restraint value is significantly lower for Alk-RL than for Ac-RL, suggesting a more energetically favorable insertion of Alk-RL into the bilayer. In the hydrocarbon core of the membrane, the molecules also exhibit different behavior. For Alk-RL, the restraint value is close to zero, whereas for Ac-RL, it becomes positive, predicting that this last molecule should not be stable when positioned near the hydrophobic core of the bilayer.
The ) corresponding to the CC, −CH 3 , and asymmetric and symmetric vibrations of the −CH 2 groups, respectively, as already described. 35, 36 The location of these bands is not affected by the presence of the synthetic RLs.
The 1300−1150 cm −1 region of the PLPC spectra showed the main band located at 1228 cm −1 that corresponds to the asymmetric vibration of PO from the phosphate group ( Figure 7B) . 35 This band is affected in a different way in the presence of Alk-RL or Ac-RL. In the presence of Alk-RL, the changes were not significant, whereas the presence of Ac-RL leads to a wider phosphate band.
These changes indicate that PO groups are in a more bonded state in the presence of Ac-RL and are in a less bounded state with Alk-RL. The changes occurring on the phosphate groups in the presence of Ac-RL could be due to the direct interaction between phosphate groups and Ac-RL molecules or to the modification of the lipid arrangement when Ac-RL was present within the system. Concerning Alk-RL, its presence likely modifies the lipid arrangement of the PLPC in which direct interaction with the phosphate groups is less likely because of the insignificant shift in the wavenumber of PO absorbance.
For MLVs containing stigmasterol, the band at 2915 cm
was shifted to 2917 and 2919 cm −1 in the presence of Alk-RL and Ac-RL, respectively ( Figure 8A and inset) . This shift suggests an increase in the alkyl chain mobility, 37, 38 i.e., a fluidizing effect of synthetic RLs on the bilayer, 39, 40 with a greater effect for Ac-RL.
In the 1300−1150 cm −1 region of the FTIR spectra ( Figure  8B ), the similar position of the asymmetric stretching band of the PO group indicates limited effects of the synthetic RLs on the polar head region of the phospholipids when stigmasterol is present.
Concerning the CO ester groups of phospholipids, our findings show that they are involved within the interactions with both RLs. Indeed, we observe a slight but significant shift to higher wavenumbers in both cases ( Figure S4) . No difference is observed between Alk-RL and Ac-RL. Moreover, the presence of sterol seems not to affect the effects of RLs on CO ester groups of phospholipids.
In silico approaches were further used to analyze the interactions of synthetic RLs with lipids at an atomic level. The assembly of each synthetic RL with PLPC and stigmasterol has been calculated by a docking method (Figure 9 ). 26 Our calculations suggested that both RLs interact in a different way with the lipid molecules. Alk-RL forms a compact molecular assembly with PLPC (total area 562 Å 2 ), whereas Ac-RL-PLPC (total area 589 Å 2 ) assembly is more expanded. This is due to the carboxylic group of Ac-RL, which induces a different orientation toward the lipid molecules, decreasing the hydrophobic interactions. For both molecules, the sugar residues and CO ester groups of the synthetic RL were close to the phosphate group of phospholipids. The assembly with stigmasterol showed that the secondary alcohol group of the stigmasterol is at the level of the ester bound to the synthetic RLs, increasing the probability of hydrogen bond formation between both components.
■ DISCUSSION
Early Signaling Event Activation in Tobacco Cells after Their Challenge Using Synthetic RLs Depends on Their Chemical Structure. The production of ROS by plant cells could indicate a defensive state in association with the stimulation of defense gene expression and is characteristic of the successful recognition of external compounds by the plant cells. 22 Natural RLs produced by Pseudomonas aeruginosa have been shown to induce defense responses in grapevines, wheat, tobacco, and Arabidopsis cells. 3, 41 In the early stages of the elicitation, this phenomenon is associated with extracellular ROS production in grapevines. 7 In addition, surfactin nC14 has been shown to induce a strong oxidative burst in tobacco cells and is able to induce a systemic resistance to fungal pathogens in several plant systems. 11, 42 In this context, synthetic glycolipids were enzymatically synthesized using rhamnose as a polar headgroup with a fatty acid chain length of 14 carbons. Moreover, the syntheses of Ac-RL and of Alk-RL have been inspired from the carboxylic acid function present in natural RLs or the CH 3 present in natural RLs and surfactin. They were tested on tobacco cells to evaluate their capacity to induce extracellular ROS production. Both Ac-RL and Alk-RL induce significant ROS production, suggesting that synthetic RLs are perceived by plant cells and could be potential elicitor candidates. The response to Alk-RL was more important than that induced by Ac-RL treatment, and the ROS responses of both RLs are smaller than that of surfactin. The amphiphile structure of the molecules could therefore play a role in the perception by the plant cells with a higher potential of the alkylgroup-derived compounds. Synthetic RLs Are Able to Interact with Membrane Lipids. Because some amphiphilic molecules such as surfactin were suggested to exert eliciting activity through interactions with the lipid phase of PPM, 11 we wondered if the structure/ activity relationships observed for ROS production can be related to differences in the lipid interaction properties of both synthetic RLs. Therefore, the interactions of Alk-RL and Ac-RL with model membranes of plants were investigated at the molecular level by complementary biophysical tools. Both molecules are able to insert within monolayers constituted of PLPC, stigmasterol, and PLPC/stigmasterol, lipids that are representative of the PPM. 25, 26 The maximal insertion pressure values were approximately 30 mN/m or higher, with a postulated value for the lateral pressure prevailing in biological membranes. 34 This result suggests that both synthetic RLs have the capacity to insert into natural membranes. The modeling approach is in agreement with this assumption because both molecules are able to insert into an implicit bilayer. Alk-RL seems to be more prone to interacting with bilayers compared to Ac-RL, in agreement with the adsorption measurements.
In the absence of stigmasterol within the unsaturated PC, the penetration power and lipid attraction are much higher for Alk-RL than for Ac-RL. Our FTIR data have shown that neither RL has an effect on the alkyl chains but does have a differential impact on the phosphate groups. Ac-RL strongly induces a more bonded state of the PO groups, whereas Alk-RL gives rise to a less bonded state. The docking calculations also suggest direct interactions between PLPC phosphate groups and synthetic RLs. In the case of Ac-RL, its less appropriate binding to the lipids, as predicted by the modeling approach, could reduce the hydrophobic interactions, which can explain the absence of lipid attraction. The presence of the terminal carboxylic group can enhance the H-bond network at the level of the PC polar head and explain its higher impact on the phosphate groups. In contrast, the orientation of the acyl chain of Alk-RL parallel to the PL chains can favor its insertion by hydrophobic interaction within the fluid membrane without affecting the global alkyl chains' organization.
Surprisingly, the presence of stigmasterol within the PLPC matrix has a synergic effect on the insertion power and lipid attraction of both synthetic RLs, although it is reported in the literature 43 that stigmasterol reduces the membrane interface molecular mobility and, to a lesser extent, the molecular dynamics in the hydrophobic part of unsaturated PC bilayers. However, some studies 44, 45 have also reported that cholesterol and plant sterols have the ability to induce lateral phase separation into a sterol-rich phase and a sterol-poor phase within an unsaturated PC matrix. This lateral phase separation creates phase boundaries that have been found to increase the membrane integration of CT-abscisic acid. 44 The same phenomenon can be suggested for the synthetic RLs, with a more attractive effect on the straight Alk-RL. If they preferentially insert into boundaries between the sterol-rich phase and the sterol-poor phase, then they are more likely to interact with stigmasterol than with PC molecules via H-bonds between the OH group of stigmasterol and the OH or ester groups of RLs, decreasing the effect on the PC phosphate groups compared to the pure PLPC membrane. However, in the PLPC/stigmasterol bilayers, both RLs show a fluidizing effect on the lipid alkyl chains, with a greater effect of Ac-RL. These results could be explained by a deeper position of the synthetic RLs within the plane of the PLPC/stigmasterol membrane in comparison to a pure PLPC membrane. In the case of Ac-RL, there could be a possible additional formation of a hydrogen bond between the terminal carboxylic moiety of Ac-RL and the OH group of stigmasterol. This could lead to an increase in the void volume between the lipid molecules, inducing a higher freedom of motion of the alkyl chains. In contrast, the predicted orientation of Alk-RL should not cause such an effect. However, the orientations of both RL molecules have to be validated experimentally to assess this assumption.
The organization of the membrane and the orientation of the RLs within the membrane then play key roles in the membrane interaction with RLs. More specifically, the interaction potency of the synthetic RLs with the boundary regions within the membrane could be related to the difference in the ROS activity observed between Alk-RL and Ac-RL.
The sole surface activity of the molecule cannot be correlated to the level of perception by the plant cells. Indeed, the surface activity of surfactin (γ CMC = 27 mN/m 46 ) is similar to that of Alk-RL (γ CAC = 26 mN/m), whereas it shows a significantly higher ROS response. Moreover, this level of perception by the plant is not necessarily connected to the plant protection efficiency by the molecules. After the perception by the plant cells, other mechanisms far from being fully understood enter into play.
■ CONCLUDING REMARKS
In the literature, several studies have demonstrated that the perception of elicitors generally involves protein receptors at the membrane. 47−49 However, Henry et al. have suggested that surfactin, a lipopeptide having an amphiphilic structure and playing the role of an elicitor, is perceived by plants in a lipiddriven process at the plasma membrane level. 11 It was suggested that surfactin interaction with plasma membrane lipids could induce a lipid reorganization that triggers some recruitment and activation of key defense-related enzymes within particular microdomains of the plasma membrane. 11 The fact that both lipopeptides and synthetic RLs are amphiphilic molecules with one hydrocarbon chain led us to consider a similar mode of perception by plant cells, i.e., through a direct interaction with the lipid phase of the PPM. This hypothesis is supported by the fact that both Ac-RL and Alk-RL activate ROS production and that both compounds are inserting into plantmimicking membranes. Our results also showed that both synthetic RLs have been perceived by cells in a dose-dependent manner and with a better perception for Alk-RL. These findings indicate that the interactions of Alk-RL and Ac-RL with model lipid membranes were different in terms of insertion, molecular interaction, and assembly formation and were dependent on the lipid composition of the model membranes. Taken together, our findings suggest that the perception of synthetic RLs could be related to a lipid-driven process. The role of a protein in the perception of the synthetic RLs cannot be ruled out at this stage, but this new way of eliciting is worth investigating. Alk-RL seems to be a better candidate than Ac-RL because of its greater ability to interact with membranes and its higher induction of ROS production by plant cells.
Further biological assays on the eliciting properties and deeper biophysical investigations into the lipid-interacting properties of these novel glycolipids should be the subject of further studies. Our study thus shows that a set of integrative biophysical approaches could serve as a predicting tool prior to more complex biological assays. 
